Abstract: Indium sulfide thin films were deposited onto indium-doped tin-oxide substrates with different deposition times (60 h, 63 h, 66 h, and 69 h) at room temperature by using a chemical bath deposition method to obtain new structures for solar cells. The film obtained at 60 h was annealed at 400
Introduction
A great number of researchers are working to find materials that are energy-related and environmentally friendly for use in optoelectronics, the photovoltaic industries, and photoelectrochemical solar cell devices. Some of the III-VI semiconductor compounds have good optoelectronic properties, such as indium selenide (In 2 Se 3 ), germanium selenide (GaSe), and indium sulfide (InS). InS, being a nontoxic material, has a stable chemical composition and physical characteristics at room temperature. This material seems to be promising for technological applications because of its high transmittance (70%-80%) in the visible range, high band gap energy (2-3.7 eV), and photoconductor behavior. It has three phases (?, ? s and ?), depending on the temperature and conditions of deposition [1] [2] [3] [4] .
InS thin films have been prepared by several dry and wet techniques, such as thermal evaporation [5] , chemical vapor deposition [6] , successive ionic layer adsorption and reaction [3] , spray pyrolysis [7] , and chemical bath deposition (CBD) [8] . Among them, CBD has been preferred by many researchers because it is an inexpensive, simple, and convenient method to obtain thin film.
In this work, we investigated the annealing and deposition time effects on the structural optical and * Correspondence: emineg7@gmail.com electrical properties of InS thin films produced by the CBD technique. To the best of our knowledge, there are few reports in the literature on the deposition of InS thin films deposited by using the CBD method.
Experimental details
Indium sulfide thin films were grown on indium-doped tin-oxide (ITO) (R = 9.5 Ω /sq.) substrates (7.6 cm × 2.6 cm × 0.1 cm) by using the CBD technique. The reagents used for the preparation of indium sulfide thin films were as follows: 10 mL of 0. After the deposition, the thin films were rinsed in deionized water to remove loosely adhered particles on the film surface and then dried in air. The film deposited at 60 h with the thickness of 688 nm was annealed at 400
• C for 1 h in reduced media containing 90% N 2 and 10% H 2 .
The X-ray powder diffraction (XRD) patterns were recorded using a Bruker AXS D8 diffractometer system with Cu K α (1.54Å) radiation. The surface morphology and cross-sectional images of the films were studied using EVO40-LEO scanning electron microscopy (SEM). The optical transmittance spectra were measured on a PerkinElmer Lambda 4S UV-Vis spectrophotometer in the wavelength range of 300-1100 nm using a glass substrate as the reference. Electrical measurements were carried out using a computer-controlled Keithley 2400 current voltage (I-V) source measuring system. Figure 1 shows the XRD patterns of the as-grown and annealed thin films. The XRD patterns reveal that the thin films obtained at room temperature are poorly polycrystalline in the orthorhombic structure InS (PDF
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19-0588). When the films are annealed at 400
• C, they show a mixture of InS (PDF 19-0588) and In 2 S 3 (PDF 25-0390). The crystal structure has poor polycrystallinity even though all peak intensities on the XRD spectra increase with annealing. This increase in peak intensity results from the change in the grain size after the annealing process. Figure 2 shows the SEM images of the ITO substrate, as-grown film, annealed film, and cross-section view of the indium sulfide thin film produced at 60 h with the thickness of 688 nm. According to this figure, after the annealing process, the grain size of the as-grown film increases from 18 nm to 32 nm. It is seen from these figures that both the as-grown and annealed film surfaces are homogeneous and crack-free. The film thickness was also determined as 688 nm from the cross-sectional SEM micrograph of deposited indium sulfide thin film.
Optical properties of indium sulfide thin films
The absorbance (A) and transmittance ( T ) spectra of the InS thin films are shown in Figures 3a and 3b , respectively. The optical properties of the films were determined from the transmission measurements in the wavelength range of 300-1100 nm. As can be seen from this figure, the optical transmittance of the deposited films was in the range of 52%-22% at a wavelength of 550 nm, while it decreases to a value of 26% after heat As-grown film Annealed film at 400 °C for 1 h treatment. The optical energy band gaps of both as-grown and annealed films were determined from the optical absorption spectra by using the following expression:
where B is a constant, h is Planck's constant, ν is the frequency of the incident photon, and the exponent n depends on the type of electronic transition. n may have values of 1/2 and 2 corresponding to the allowed direct and allowed indirect transitions, respectively. In Eq. 1, α is the linear absorption coefficient given by:
where A is the absorbance and dis the film thickness. The direct and indirect band gap values (E g ) were determined by extrapolating the linear part of the plots (αhν) 2 vs. hν and (αhν) 1/2 vs. hν in the abscissa (x axis), which indicate the allowed direct and allowed indirect transitions in the deposited films, respectively.
(αhν) 2 vs. hν and (αhν) 1/2 vs. hν plots are shown in Figure 4 for as-grown and annealed InS thin films.
The calculated direct band gap energy of the InS films decreased from 2.31 eV to 2.19 eV with increasing film thickness and grain size. Moreover, the indirect band gap of the films decreased from 1.89 eV to 1.75 eV, except for the thin film having thickness of 688 nm listed in the Table. These values are in agreement with the literature [3, 7] . Decrement both in direct and indirect band gap (E g ) values of the films is due to the increasing grain size. Some authors have reported that the E g shortening is attributed to increasing defects (e.g., displacements of atoms and lattice disorders) in the films, which produce localized states in the band structure and are responsible for the low value of E g [9] . This behavior is also supported by the SEM pictures in Figure 2 . A reduction in band gap energy from 2.31 eV to 2.19 eV results in increasing grain size from 18 nm to 32 nm with annealing. The band gap energy values of as-grown and annealed films are listed in the Table. The refraction index (n) and extinction coefficient ( k) of indium sulfide thin films are given by the following formulas [10] : 
Table.
Film thickness, grain size, optical parameters, and sheet resistivity of as-grown and annealed indium sulfide thin films at λ λ = 600 nm.
Thickness (nm)
Grain The refractive index and extinction coefficient of indium sulfide thin films are shown in Figures 5a and 5b , respectively. It was determined from these figures that both the refractive index and extinction coefficient values varied in the range of 2.21-3.10 and 0.18-0.38, respectively, for the as-grown and annealed InS thin films at a 600 nm wavelength, as tabulated in the Table. Our n and k values are in good agreement with the reported data (n ≈ 2.50 and k ≈ 0.2 at a wavelength of 600 nm) for InS prepared by the thermal evaporation method [11] .
The real ( ε 1 ) and imaginary (ε 2 ) parts of the dielectric constants are expressed as follows:
Figures 6a and 6b show the dependence of ε 1 and ε 2 on wavelength, respectively. It was clearly seen that both ε 1 and ε 2 change in the range of 4.84-9.46 and 0.80-2.34, respectively, for the as-grown and annealed InS thin films at a wavelength of 600 nm as seen in the Table. It should be noted that the ε 2 values in our calculations were found to be higher than the value (ε 2 ≈ 0.6 at λ = 600 nm) given by Seyam [11] . 
Electrical properties of indium sulfide thin films
The sheet resistivity (ρ) of the ITO substrate without coated film was measured as 34 Ω cm. The ρ value of the as-grown and annealed films decreased from 33 Ω cm to 28 Ω cm, as shown in the Table. A reduction in ρ may be due to the increasing film thickness and grain size from ∼18 nm to ∼ 32 nm as confirmed by the SEM pictures ( Figure 2 ) and listed in the Table. Grain boundary scattering of free electrons in thicker films is less than in thinner films because of larger crystallite sizes. Since ρ is proportional to the electron scattering frequency, γ(1/ρ = N e e 2 /m * e γ), ρ decreases with increasing film thickness [12] [13] [14] . Moreover, a decrement in 400 600 800 1000 ρ could be attributed to an increment in electron density or mobility [n = 1/qρµ n (where n is the electron density, q is the electronic charge, and µ n is the electron mobility)] [14, 15] .
Conclusion
In this work, we report the effect of deposition time (60 h, 63 h, 66 h, and 69 h) and thermal annealing (400
on the structural, optical, and electrical properties of InS thin films deposited onto ITO substrates at room temperature by CBD. The obtained films were polycrystalline with an orthorhombic crystal structure. The grain size of the InS thin films increased from 18 nm to 32 nm with annealing. At a wavelength of 550 nm, the optical transmission of the deposited InS films varied between 52% and 22%. It fell to 26% after the annealing process. With increasing film thickness and grain size, the direct and indirect optical band gap values of the films decreased from 2.31 eV to 2.19 eV and from 1.89 eV to 1.75 eV, respectively. The refractive index, extinction coefficient, and real and imaginary parts of the dielectric constant of all the films were also calculated. Moreover, the sheet resistivity of the films decreased slightly from 33 Ω cm to 28 Ω cm with increasing grain size. In conclusion, we think that annealed film with the highest grain size, lower resistivity, and suitable optical properties may be promising material for solar cell applications.
